Background: Carboxyl terminus of Hsp70-interacting protein (CHIP) is a chaperone/ ubiquitin ligase that plays an important role in stress-induced apoptosis. However, the effect of CHIP on angiogenesis, cardiac function and survival 4 weeks after myocardial infarction (MI) remain to be explored. Methods: Wild-type (WT) and transgenic mice (TG) with cardiac-specific overexpression of CHIP were used for coronary artery ligation. The cardiac function, cardiomyocyte apoptosis, inflammation and angiogenesis were examined by echocardiography, histological analysis, real-time PCR and Western blot analysis. Results: At 4 weeks of after coronary artery ligation, echocardiography demonstrated that cardiac remodeling and dysfunction were prevented in TG mice compared with WT mice. The infarct size, cardiomyocyte apoptosis and inflammation were significantly reduced in TG mice than in WT mice. The survival rate after MI in TG mice was higher than that of WT mice. Furthermore, the levels of p53 protein was markedly decreased, but the expression of HIF-1α and VEGF, and the formation of capillary and arteriole after MI were significantly enhanced in TG mice compared with WT mice. Conclusion: We report the first in vivo evidence that CHIP enhances angiogenesis, inhibits inflammation, restores cardiac function, and improves survival at 4 weeks after MI. The present study expands on previous results and defines a novel mechanism. Thus, increased CHIP level may provide a novel therapeutic approach for left ventricular dysfunction after MI.
Introduction
Heart failure (HF) is a consequence of the maladaptive cardiac remodeling that can be induced by various types of heart disease, such as chronic hypertension, myocardial ischaemia or infarction [1] . Myocardial infarction (MI) is an irreversible injury caused by the occlusion of a coronary artery, leading to cardiomyocyte death, infiltration of inflammatory cells, production of extracellular matrix and scar formation [1] ; however, the exact mechanisms for these effects are not fully understood. It is well established that angiogenesis plays a critical role in various pathological settings, including tumor growth, wound repair and MI, and may promote cardiac growth and maintain contractile function [2] . Several angiogenic factors including vascular endothelial growth factor (VEGF), hypoxia-inducible factor (HIF1), p53 and others involve this process [2, 3] . Recently, studies have demonstrated that heat shock proteins (HSPs) are abundantly expressed in myocardial cells and are important for myocardial function in response to stresses [4, 5] . For example, heat shock protein 90 (HSP90) exerts pro-angiogenic effects through Akt and endothelial Nitric Oxide Synthase [4] . Overexpression of Hsp70 improves functional recovery and reduces infarct size after ischaemia through protection of mitochondrial function [5] . Thus, HSPs exert a critical role in cardioprotection during ischemic stress.
Carboxyl terminus of Hsp70-interacting protein (CHIP, also known as Stub1) has been identified as a dual-function cochaperone/ubiquitin E3 ligase that is highly expressed in a variety of mammalian tissues and cells, especially in the heart. CHIP interacts with Hsp70/ Hsp90 and targets chaperone-bound client proteins, including p53, ErbB2, cystic fibrosis transmembrane conductance regulator, Tau, Ask1, ataxin-1, Foxo1, and myocardin, for the ubiquitin-mediated degradation [6] [7] [8] [9] [10] [11] [12] [13] [14] . Numerous studies have demonstrated that CHIP plays an important role in preventing apoptosis in response to various stimuli [11, [13] [14] [15] [16] [17] [18] . CHIP deficiency causes marked apoptosis in cardiomyocytes and endothelial cells of intramural vessels in response to ischaemia/reperfusion (I/R) injury [15] . In contrast, overexpression of CHIP inhibits ASK1-mediated apoptosis [11] . Moreover, our new data demonstrate that CHIP also inhibits angiotensin II (Ang II)-induced cardiac fibrosis and inflammation through inhibition of NF-κB and mitogen-activated protein kinase pathways [18] . Interestingly, a recent study confirm that overexpression of CHIP protects ischaemic apoptosis and cardiac injury through MDM2-mediated p53 degradation [16] . However, the effect of CHIP on cardiac dysfunction, survival and the precise mechanisms at 4 weeks after myocardial infarction (MI) remain to be investigated.
Based on these findings, the present study attempts to expand our understanding of the cardioprotective mechanisms of CHIP. We hypothesized that CHIP enhances angiogenesis and improves cardiac function after MI. To test this hypothesis, we used transgenic (TG) mice with cardiac-specific overexpression of CHIP under the a-myosin heavy chain (MHC) promoter and examined cardiac function, cardiomyocyte apoptosis, inflammation and angiogenesis at 4 weeks after coronary artery ligation. The present study expanded previous results and demonstrate that in addition to preventing p53-mediated cardiomyocyte apoptosis, CHIP also play an important role in inhibiting inflammation and enhancing angiogenesis, thereby leading to improvement of cardiac function and animal survival after MI.
Materials and Methods

Transgenic mice
Transgenic mice expressing CHIP in the heart were created as described [18] . Wild-type (WT) and CHIP transgenic mice (TG) male mice (10-12-week-old, C57BL/6 background) were anesthetized with 2% isoflurane inhalation and were then subjected to operation of myocardial infarction model by ligation of left coronary artery (LCA) as described [19] . The sham group underwent the same surgical procedure except that the LCA was not occluded. Mice were sacrificed at 28 day post-operation and heart tissues were harvested. All procedures were approved by the Animal Care and Use Committee of Peking Union Medical 
Echocardiography
Echocardiographic measurement was performed with a Vevo 770 ultrasound system (VisualSonics Inc.) equipped with a 30-MHz transducer as described previously [18, 20] . Fractional shortening (FS) was calculated as follows: FS=[(LVEDD-LVESD)/LVEDD]x100, where LVEDD is left ventricular end-diastolic diameter, and LVESD is left ventricular end-systolic diameter.
Histological and Immunohistochemical analysis
Histologic analysis of hearts from WT and transgenic mice were performed according to standard protocols. Sections (5-µm) were deparaffinized and stained with hematoxyliny and eosin (H&E), Masson's trichrome and wheat germ agglutinin-TRITC conjugate as described previously [21] [22] [23] . To identify infiltrating macrophage populations, sections were incubated with anti-Mac-2 (CD11b, clone M1/70) antibody (Abcam Inc., Cambridge, UK) or isotype control overnight at 4°C, and then incubated with horseradish peroxidase-conjugated goat anti-rat antibody (Santa Cruz Biotechnology, Santa Cruz, CA). [18, [21] [22] [23] . Isolectin staining was performed to identify capillaries according manufacturer's instructions. FITC-conjugated isolectin B4 (Vector Labs) was used as primary antibody without secondary antibody. Antia-smooth muscle actin (a-SMA) antibody (1:500; Abcam Cambridge, MA) was applied to identify a-SMApositive vessels [18] .
TUNEL assay
Apoptosis was evaluated by terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay (Roche Diagnostic, Penzberg, Germany) in heart sections according to manufacturer's instructions as described [18] . The percentage of TUNEL-positive myocytes was determined by counting 10 random fields per section under a microscope (magnification, ×200) (BX50, Olympus).
Quantitative real-time PCR analysis
Hearts from WT and TG mice were excised, rinsed in PBS, frozen in liquid nitrogen, and stored at -80°C. Total RNA was purified from intact hearts with Trizol (Invitrogen Corp.) as described previously [18] . The mRNA expression of Bax, Bcl-2, TNF-α, IL-1β, HIF-1α, VEGF and GAPDH (as a control) were measured by quantitative real-time PCR (qPCR) with primers as described previously [18, 20] . The mRNA expression levels were normalized to GAPDH.
Western blot analysis
Protein samples were prepared from hearts using lysis buffer (20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na 3 VO 4 , 4 µg/ml aprotinin, 4 µg/ml leupeptin, 4 µg/ml pepstatin, and 1 mM PMSF). Western blot analysis was performed as described [24, 25] . Fifty µg protein lysates were separated by 10% SDS-PAGE and then transferred to nitrocellulose membranes (Bio-Rad), the membranes were incubated with primary antibody against p53 (1:500), CHIP (1:500; Santa Cruz Biotechnology, Santa Cruz, CA) and β-actin (Cell Signaling Technology, Beverly, MA, 1:3000) at 4°C overnight. The levels of signaling proteins were normalized to the levels of β-actin. Protein levels were quantified by using Gel-pro 4.5 Analyzer (Media Cybernetics).
Survival analysis
The survival analysis was performed in WT and CHIP-TG (n=11-24) mice after sham or MI. During the study period of 28 days, the mice were allowed free access to food and water. Cages were inspected daily for animals that had died. Survival of mice 28 days after MI was analyzed using Kaplan-Meier methods and the log-rank test.
Statistical analysis
Data are presented as means ± SEM. Differences between WT and CHIP-TG mice at discrete time points were evaluated for statistical significance using Student's t test or ANOVA. P values less than 0.05 were regarded as significant. 
Results
CHIP TG mice have increased cardiac function after MI
To investigate the physiopathologic role of CHIP in cardiac function, myocardial infarction (MI) was induced by ligation of left coronary artery (LAC) in WT and CHIP-TG mice. At 4 weeks after MI, cardiac function of WT and TG mice were examined by echocardiography. There was a significant chamber dilatation, as characterized by increased left ventricle (LV) end-diastolic volume (LVEDV ) and LV end-systolic volume (LVESD), and systolic dysfunction, as assessed by LV fractional shortening (FS%) and ejection fraction (EF%) in infarcted groups over sham. However, LV dilatation and dysfunction were attenuated in TG mice compared with WT mice after infarction (Fig. 1A and B) . TG mice displayed similar cardiac size and function compared to WT animals at baseline (Fig. 1A and B) . These data suggest that overexpression of CHIP preserves cardiac dilation and function after MI.
Cardiac CHIP overexpression reduces infarct size and mortality after MI
To determine whether overexpression of CHIP attenuates cardiac injury, we assessed the infarct size with 2, 3, 5-triphenyltetrazolium chloride (TTC) staining for the WT and TG hearts after IMI. TG mice had a lower percent of infarct size compared to WT mice ( Fig. 2A) . Furthermore, fibrotic areas were significantly lower in TG mice than WT mice as assessed by Masson trichrome staining (Fig. 2B) . There was no difference in the infarct size and fibrotic areas between 2 groups after sham ( Fig. 2A and B) . Moreover, the survival rate up to 4 weeks after MI was significantly higher in TG mice than in WT mice (91.7% vs. 74.1%). There were no deaths in sham-operated groups (Fig. 2C) . 
Overexpression of CHIP inhibits cardiomyocyte apoptosis
To assess whether CHIP affects cardiomyocyte apoptosis, we detected the number of apoptosis and the levels of Bax and Bcl2 mRNA expression in the heart tissue using TUNEL assay and qPCR analysis. As shown in Fig. 3A and B, TG mice displayed a significantly lower degree of TUNEL-positive cardiomyocytes and Bax/Bcl-2 ratio compared to WT mice. 
Overexpression of CHIP attenuates myocardial inflammation
Since inflammation is associated with cardiac dysfunction after MI. We then examined whether CHIP regulates cardiac inflammation. As shown in Fig. 4A , the infiltration of Mac-2 positive macrophages was markedly increased in WT hearts but was attenuated in TG mice after MI, (Fig. 4A) . Moreover, the mRNA expression of TNF-α and IL-1β was significantly lower in TG than in WT hearts (Fig. 4B) .
CHIP overexpression enhances angiogenesis
Angiogenesis is known to be critical in preserving cardiac function in response to ischemic stress [17] . To determine the effects of CHIP overexpression on angiogenesis after MI, we examined the formation of capillary and arteriole in the heart tissue by isolectin and immunohistochemical staining. The border zone capillary density and α-SMA positive cells (a marker of smooth muscle cells) was markedly decreased in infarcted WT heart compared with shamed hearts but was maintained in TG heart after MI (Fig. 5A and B ). There were similar alterations between 2 groups after sham (Fig. 5A and B) . These data suggest that angiogenesis was increased in TG mice.
CHIP overexpression down-regulates p53 protein level and up-regulates HIF-1α and VEGF expression
The tumour suppressor p53 is a central transcriptional regulator of multiple proapoptotic and angiogenic genes [26] , which is known to be a downstream target of CHIP [16] . We therefore examined the effect of CHIP overexpression on the level of p53 protein and the expression of its downstream targets such as HIF-1α and VEGF expression. In fact, Western blotting of myocardial extracts showed a marked increase of p53 protein expression and decrease of HIF-1α in WT heart after MI. In contrast, this effect was markedly reversed in TG heart (Fig. 5C) . Moreover, CHIP overexpression significantly enhanced the expression of both HIF-1α and VEGF mRNA compared with WT heart after MI (Fig. 5D) , in accordance 
Discussion
In the present study, we demonstrated that cardiac-specific overexpression of CHIP enhanced angiogenesis, reduced infarct size, cardiomyocyte apoptosis and inflammation, improved cardiac dysfunction and survival in mice 4 weeks after MI. These results expanded on previous data, and provided the first in vivo evidence for the critical role of CHIP in prevention of cardiac remodeling and dysfunction 4 weeks after MI. The mechanisms were associated with reduction of p53-induced apoptosis, inhibition of inflammation and enhancement of HIF-1α/VEGF-dependent angiogenesis. 
Cellular Physiology and Biochemistry
Numerous studies have demonstrated that E3 ubiquitin ligases play important roles in protecting myocardial infarction, cardiac hypertrophy and fibrosis [15, 16, 18, 24, 25, [27] [28] [29] . CHIP has been identified as an E3 ubiquitin ligase/chaperone protein that is highly expressed in the various tissues and cell types [26] . To date, CHIP is reported to target over 10 putative substrates thereby regulating cell growth, differentiation, apoptosis, inflammation and neurodegeneration [8, 11, [13] [14] [15] [16] [17] 30] . Recent studies indicate that CHIP has a critical role in preserving cardiomyocyte death through degradation of apoptosis signal-regulated kinase 1 (ASK1) and p53, which are known to promote cardiomyocyte apoptosis in response to ischaemia/reperfusion (I/R) and MI injury [11, [15] [16] [17] . Consistent with these results, our data demonstrated that in addition to inhibiting cardiomyocyte apoptois, increased expression of CHIP also attenuated inflammation, enhanced angiogenesis, leading to improving cardiac dysfunction and survival 4 weeks after MI (Fig. 1, 2, 3) .
There are various studies indicating a well relationship between cardiac angiogenesis and cardiac function [2, 3] . Angiogenesis is an important repair mechanism in response to ischaemia/reperfusion (I/R) injury through increasing blood flow and oxygen supply [2, 3] . Previous studies suggested that many factors are responsible for promoting the angiogenesis process during cardiac ischaemia, including haemodynamics, hypoxia, inflammation and angiogenic factors [2, 3] . Recently, p53/HIF-1α/VEGF signaling pathway has been demonstrated to plays important roles in the neovascularization response in pathological conditions like ischaemia and pressure-overload [2, 26, 31] . In addition to its role in apoptosis, p53 also play an important role in angiogenesis through inhibition of HIF-1α transcriptional activity and VEGF expression [26] . Moreover, cardiomyocyte specific VEGF knockout mice exhibit decreased capillary density and contractile dysfunction. Treatment with a decoy VEGF receptor attenuates angiogenesis during cardiac growth. However, whether CHIP affects p53-mediated HIF-1α/VEGF signaling and cardiac angiogenesis after infarction remain to be defined. The present study provided the first in vivo evidence, to our knowledge, demonstrated that sustained CHIP expression in heart markedly reduced p53 expression and increased HIF-1α and VEGF expression leading to enhanced angiogenesis. Thus, our study in CHIP transgenic mice suggest that further enhancement of CHIP level may be a novel therapeutic strategy to prevent progression of heart failure after infarction. The important mechanism of these beneficial effects appears to be partly the inhibition of p53-mediated anti-angiogenic effects.
In summary, the studies reported herein reveal a novel mechanism for CHIP to improve cardiac dysfunction after MI. Our results establish that overexpression of CHIP plays an important beneficial role in counteracting LV remodeling after MI by decreasing cardiomyocyte death, inflammation and fibrosis. We have also demonstrated that this effect is related, at least in part, to enhancing angiogenesis via activation of HIF-1α/VEGFmediated signaling pathway. Thus, these results suggest increased expression of CHIP should be explored as a therapeutic approach to limit pathological LV remodeling in after MI.
